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ABSTRACT
We run controlled N-body experiments to study the evolution of the dark matter
(DM) halo profiles of dwarf galaxies driven by the accretion of DM substructures. Our
initial conditions assume that supernova feedback erases the primordial DM cusps of
haloes with masses 109−1010M⊙ at z = 0. The orbits and masses of the infalling sub-
structures are borrowed from the Aquarius simulations. Our experiments show that a
fraction of haloes that undergo 1:3 down to 1:30 mergers are susceptible to reform a
DM cusp by z ≈ 0. Cusp regrowth is driven the accretion of DM substructures that
are dense enough to reach the central regions of the main halo before being tidally
disrupted. The infall of substructures on the mean of the reported mass-concentration
relation and a mass ratio above 1:6 systematically leads to cusp regrowth. Substruc-
tures with 1:6 to 1:8, and 1:8 to 1:30 only reform DM cusps if their densities are one
and two-sigma above the mean, respectively. The merging timescales of these dense,
low-mass substructures is relatively long (5 − 11Gyrs), which may pose a timescale
problem for the longevity of DM cores in dwarf galaxies. These results suggest that
a certain level of scatter in the mass profiles of galactic haloes acted-on by feedback
is to be expected given the stochastic mass accretion histories of low-mass haloes and
the diverse star formation histories observed in the Local Group dwarves.
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1 INTRODUCTION
In the standard ΛCDM cosmological paradigm, dark mat-
ter (DM) constitutes 25 percent of today’s total energy
density. It is thought to be made up by collisionless par-
ticle(s) which at very early times are distributed in a cold
configuration (i.e. with zero velocity dispersion). This state
is unstable and leads to gravitational clustering, which
is typically studied with the aid of cosmological N-body
simulations Efstathiou et al. (1985). Over the last thirty
years, cosmological N-body simulations have enabled us
to predict the large-scale structures (Davis et al. 1985),
the structure of DM haloes and their associated substruc-
ture content from the scales of galaxy clusters to that
of the Milky Way - MW - (Dubinski & Carlberg 1991;
Navarro et al. 1996; Moore et al. 1999). One key predic-
tion from the CDM paradigm is the existence of com-
pletely dark substructures lingering in all galactic haloes,
also in those of dwarf galaxies. High-resolution simulations
of MW-like DM haloes can resolve structures with mass
ratios above 1:100 within dwarf galaxies (Springel et al.
2008), although the internal dynamics of these objects
cannot be fully resolved (e.g. their density profiles do
not reach a convergent result). A large body of observa-
tional data suggest that dwarf galaxies (that is, low-surface
brightness and dwarf spheroidals) inhabit DM haloes with
cored density profiles (Oh et al. 2011; Walker & Pen˜arrubia
2011; Amorisco & Evans 2012). Although this contin-
ues to be a lively debated topic (e.g. Strigari et al.
(2014)) the so called core-cusp problem currently moti-
vates alternative DM models (Spergel & Steinhardt 2000;
Bode et al. 2001; Vogelsberger et al. 2012; Rocha et al.
2013; Vogelsberger et al. 2014; Lovell et al. 2014). Within
the CDM paradigm, baryonic feedback (Navarro et al. 1996;
Governato et al. 2010; Zolotov et al. 2012; Di Cintio et al.
2014; Madau et al. 2014) has been proposed as a plausi-
ble solution to the inference of DM cores on the smallest
galactic scales. Strong fluctuations in the gravitational po-
tential driven by supernova explosions may flatten the in-
ner density profile (Pontzen & Governato 2012). However,
the invoked efficiencies (or coupling) between the kinetic
energy liberated during SNe explosions and the surround-
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ing gas are highly uncertain (Garrison-Kimmel et al. 2013).
Simple analytical arguments as well as hydrodynamical sim-
ulations show that this mechanism is specially efficient at
high redshifts(Pen˜arrubia et al. 2012; Amorisco et al. 2014;
Davis et al. 2014).
One problem remains, however: N-body simulations of
structure formation predict the presence of a myriad of
DM substructures surrounding dwarf galaxies, and some of
them may get close enough to the core to regrow a cusp.
Dekel et al. (2003) presented the first experiments of cusp
regrowth and showed that for typical CDM orbits 1:10 merg-
ers may regrow a DM cusp within a Hubble time. How-
ever, the set-up of these simulations was fairly generic. To
date, not attempt to test these results on the scales of dwarf
galaxies has been made. Here we use the merger trees of
some of the massive satellites formed in the Aquarius runs
(109−1010M⊙ at z = 0) in order to identify potential merger
candidates and extract their orbits and mass structure at
their time of infall. These systems are evolved at an en-
hanced resolution in order to assess whether cusp-regrowth
is plausible mechanism on the scales of dwarf galaxies. To
this end we assume that baryonic feedback flattens the pri-
mordial DM profile of these systems at high-redshifts. Cur-
rent cosmological hydrodynamical simulations do not reach
the required resolution to follow this process in detail, as
the radius of convergence of low-mass haloes around MW-
like galaxies is ∼ 1 kpc (as reported in Zolotov et al. (2012)),
which is larger than the typical scale radii of DM substruc-
tures (see below). This letter is organised as follows. Section
2 discusses our numerical set-up and implementation. We
present our results in section 3 and discuss them and con-
clude in section 4.
2 NUMERICAL METHODS AND
SIMULATIONS
We use merger trees from six of the most massive satellites
in a MW-like DM halo from the Aquarius simulations suite,
Aq-A-2 which has been run with much more accurate time
slicing than any other runs; the details of the simulations can
be found in (Springel et al. 2008). The mass and softening
resolutions used were mp = 1.4× 10
4 M⊙ and ǫ = 66 pc. For
the idealised runs our haloes are modelled as Dehnen (1993)
profiles:
ρ =
(3− γ)M
4π
a
rγ(r + a)4−γ
, (1)
where a is the scale radius, M the total mass and γ is a
constant in the interval [0, 3). The main dwarf hosts are
re-modelled with cored profiles (with γ = 0) while the sub-
structures are re-modelled as Hernquist (1990) profiles (i.e.
with γ = 1). The next step is to set a scale radius for the
host and its substructures. Given the recorded value of virial
mass M200 in the simulations, the concentration parameter
c ≡ r200/rs = c(M, z) is computed using the empiric relation
of Prada et al. (2012) in order to set the scale radius rs. We
then calculate the radius r−2 where the slope of the density
profile equals γ(r) = −d log(ρ)/d log(r) = 2 for the Dehnen
models. This radius corresponds exactly to a = 2× rs ≡ as
for γ = 1, and a = rs ≡ rc for γ = 0. We also need to
relate Mvir ≡ M200 to the mass M of the Dehnen models.
Figure 1. Mass evolution of the 6 Aquarius host dwarf DM
haloes and their most massive satellites reaching a distance of
less than 10 kpc during their orbital history. The black lines in
each panel denote the mass evolution of the host dwarf halo. The
thick coloured lines represent the subhalos which have been se-
lected for re-simulations to study cusp regrowth. These include
a variety of 1:3, 1:6 down to 1:30 mergers. The dashed vertical
lines represent the infall redshifts for which we also define the
apocentres for the host-subhalo merger re-simulations.
For a Hernquist profile M = Mvir/f(c) ∗ 27/16, and M =
Mvir/f(c)∗4/3 for γ = 0, where f(c) = ln(1+ c)+ c/(1+ c).
In a study on DM profiles formed in cosmological simu-
lations, Jang-Condell & Hernquist (2001) show that NFW
and Hernquist profiles provide equally good fits to the inner
regions of subhalos, although the Dehnen profile is too steep
at large radii, which plays a negligible role in our study. N-
body models for the dwarf galaxy halo and its substructures
are generated through Monte-Carlo sampling the isotropic
distribution functions that yield the density profile given
in equation (1) using a rejection-acceptance method, as in
(Kuijken & Dubinski 1994).
For clarity, we refer to a dwarf galaxy halo as the “host”
and to the accreted substructures as “subhalos”. One caveat
of idealised simulations is the lack of smooth mass accre-
tion. For every merger event, we generate an N-body real-
isation of the substructure in dynamical equilibrium with
an initial mass M200 set at the time of accretion. Subse-
quently, we place the dark subhalo on an orbit extracted
from the merges tree. Note that by keeping the host halo
c© 2011 RAS, MNRAS 000, 1–6
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mass fixed our models tend to overestimate the dynamical
time scales of the subhalo orbits. Mass ratios q, peri- to apo-
centre ra/p ratios (proxies for orbital eccentricities), orbital
apocentres ra, scale radii of hosts and subhalos a ≡ rc, as
and redshifts of accretion zi are listed in Table 1. Figure
1 shows the mass evolution of the subhalos in our sample,
as well as that of their hosts. The subhalos chosen to be
simulated with an enhanced resolution are shown by the
thick coloured lines. From this Figure it is evident that
most accretion events occur well before infall of the host
dwarf into their MW-like parent haloes. It appears there-
fore reasonable to run the dwarf halo models in isolation,
that is, omitting the MW’s tidal field. We do not simulate
the evolution of all substructures appearing in this plot, as
many of them have mass-ratios that are too small for dy-
namical friction to be relevant and do not contribute to
the evolution of the host inner density profile. Also, note
that the merger of substructures with mass ratios between
1:3 and 1:5 (see Deason et al. (2014) for more quantita-
tive evaluation of this) typically occur at z . 5. If we be-
lieve that cores are formed at high redshifts, as suggested
by hydrodynamical simulations and analytical arguments
(Pontzen & Governato 2012; Pen˜arrubia et al. 2012), such
massive substructures are bound to sink to the centre of the
host through dynamical friction and reform a DM cusp.
To inspect this issue in more detail we run controlled
N-body simulations of a number of the merger events se-
lected from Figure 1 and summarised in Table 1. Note that
our sample includes subhalos with very similar mass-ratios
and/or apo-to-peri ratios (e.g. Halo 2 accretes substrucu-
tures on similar orbits and infall times as those in Halo 1,
as shown in Figure 1), so we chose to run only a represen-
tative subsample of all the cases shown in Table 1. A key
aspect of our study focuses on the role played by the inner
structure of the accreted subhalos. This is done by exploring
the scatter in the mass-concentration relation c(M, z) of the
DM substructures, whose dispersion is σlog10(c) ∼ 0.1 ap-
parently independent of redshift or mass (Neto et al. 2007).
As shown below, the mean density of a subhalo determines
the survival time-scale and where the stripped material is
deposited. To gauge this effect, for every accretion event we
adopt concentrations c =< c > +1σc, 2σc, 3σc, which cover
a fair range of the expected values within CDM paradigm
(namely, these models correspond to 30, 13 and 1 percentile
of the lognormal distribution of concentration at fixed halo
mass). The particle mass used is mp = 10
4M⊙ and soften-
ing of ǫ ∼ 50pc, roughly corresponding to the inter-particle
spacing in the realisations considered. All simulations were
tested for convergence by running simulations with 10 times
a higher mass resolution than quoted (with mp = 10
3 M⊙
and ǫ = 30 pc).
3 RESULTS
We record the timescales for cusp regeneration in Table 1
and present the final density profiles of some N-body models
in Figure 2. We find that 1:3 mergers (simulation 3.4.) re-
grow DM cusps on a relatively short time-scale, ts ∼ 2Gyrs.
Given that these accretion events tend to happen between
z ∼ 4 − 2 they may not necessarily constitute a threat for
the survival of cores, as they leave an ample window of
8 − 10 Gyrs for star formation and supernova (SN) feed-
back to turn the situation around again. However, given
that dwarfs like Sculptor (which shows evidence for cored
DM profile) have had 90 % of their star formation prior to
10-11 Gyr ago (Weisz et al. 2014), such mergers may still
be problematic. For a mass ratio 1:6 dynamical friction be-
comes less efficient, so that the cusp reforms at later times,
ts ∼ 5Gyrs (simulations 1.2.). For mass ratios below 1:8 the
accretion of subhalos on the mean of the c(M, z)-relation
does not lead to cusp rejuvenation. These systems are not
dense enough to reach the core of their host galaxy (simu-
lations 1.3., 4.1. and 5.5.) and deposit their material at the
outskirts of the host halo. Re-simulating now the evolution
of the same satellites at the high-end of the c−M relation
(one and two−σ times above the mean), we observe that
the merger of subhalos with mass ratios as low as 1:30 do
lead to cusp regrowth within the allowed time window. Some
of these merger events induce oscillations in the host pro-
file as the substructure sinks towards the centre of the halo
(simulations 1.2.3s, 1.3.2s, 1.3.3s, 5.5.2s and 5.5.3s). This
behaviour has already been reported by Dekel et al. (2003).
The fluctuations eventually die out as the subhalo gets com-
pletely disrupted within its host. In those instances we mark
the time at which the subhalo first settle at the centre and
the profile reaches a convergent solution.
We note that the shape of the final profile depends pri-
marily on mass ratio, eccentricity and satellite-to-host den-
sity ratio δρ = ρs(as)/ρh(rc). This suggests the existence of
a manifold in this parameter space which allow for the re-
growth of DM cusps. Delineating its surface would require
an extensive set of simulations, which goes beyond the scope
of this paper. However, from the results tabulated in Table
1 we can already conclude that only satellites with a den-
sity ratio above 0.35 are sufficiently dense to lead to cusp
rejuvenation. While such dense subhalos do not dominate
in number, their merging timescales can be considerably
long (5 − 11 Gyrs). The accretion of these substructures
can thus lead to cusp regrowth at relatively low redshifts
z < 0.5. It remains theoretically unclear whether supernova
feedback can turn cusps back into cores at such late times
given the energetic constraints (Pen˜arrubia et al. 2012). In
this respect, accurate measurements of the star formation
histories of dwarf galaxies will be key to limit the effects of
supernova feedback on the DM distribution in those systems
(Tolstoy et al. 2009; Weisz et al. 2014).
The presence of dense, low-mass mostly dark substruc-
tures expected to linger in CDM haloes thus hangs like a
“sword of Damocles” over the fate of the central density
profiles of dwarf galaxies. These systems add a considerable
amount of stochasticity to the predicted structure of the DM
haloes of dwarf galaxies. Deriving the likelihood of this type
of mergers in cosmological hydrodynamical simulations is an
interesting question indeed, but one that requires a large suit
of N-body realisations, as the Damocles subhalos constitute
a minority within the substructure population. Our N-body
experiments suggest that variations in the central density
slope of galactic haloes acted on by baryonic feedback are
to be expected within the CDM paradigm. If such varia-
tions are not found, this could provide considerable support
to alternative DM models such self-interacting (SIDM) dark
c© 2011 RAS, MNRAS 000, 1–6
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Run q Mvh Mvs rvh rc as Mh Ms δρ ra/p ra zi Qg ts
1010M⊙ 1010M⊙ kpc kpc kpc 1010M⊙ 1010M⊙ kpc kpc Gyrs
3.4. 1:3 2.5 1.0 21 5.1 6.2 3.9 1.9 0.18 14 44 3 y 2.0
1.2. 1:6 1.7 0.3 25 5.0 5.2 2.5 0.50 0.12 4.0 40 2 y 5.0
1.2.1s 1:6 1.7 0.3 25 5.0 4.0 2.5 0.42 0.22 4.0 40 2 y 4.6
1.2.2s 1:6 1.7 0.3 25 5.0 3.2 2.5 0.37 0.38 4.0 40 2 y 4.3
1.2.3s 1:6 1.7 0.3 25 5.0 2.6 2.5 0.33 0.63 4.0 40 2 y* 4.3-8.0
1.3. 1:8 0.8 0.1 12 3.0 3.2 1.3 0.26 0.11 3.0 27 4.3 n -
1.3.1s 1:8 0.8 0.1 12 3.0 2.4 1.3 0.21 0.21 3.0 27 4.3 y 5.0
1.3.2s 1:8 0.8 0.1 12 3.0 2.0 1.3 0.18 0.31 3.0 27 4.3 y* 4.6-8.0
1.3.3s 1:8 0.8 0.1 12 3.0 1.6 1.3 0.16 0.54 3.0 27 4.3 y* 4.4-7.0
4.1. 1:20 1.7 0.1 31 5.0 3.2 2.0 0.14 0.18 18 45 1.5 n -
4.1.1s 1:20 1.7 0.1 31 5.0 2.6 2.0 0.12 0.28 18 45 1.5 n -
4.1.2s 1:20 1.7 0.1 31 5.0 2.1 2.0 0.10 0.45 18 45 1.5 y 7
4.1.3s 1:20 1.7 0.1 31 5.0 1.6 2.0 0.09 0.92 18 45 1.5 y 6.5
5.5. 1:30 1.1 0.04 15 3.7 2.3 1.8 0.08 0.12 5 22 3.6 n -
5.5.1s 1:30 1.1 0.04 15 3.7 1.8 1.8 0.07 0.22 5 22 3.6 n -
5.5.2s 1:30 1.1 0.04 15 3.7 1.4 1.8 0.06 0.41 5 22 3.6 y* 5.0-11.0
5.5.3s 1:30 1.1 0.04 15 3.7 1.2 1.8 0.05 0.54 5 22 3.6 y* 4.0-10.0
Table 1. Simulations’ properties: runs (coded as halo.subhalo.< c >+σc), mass-ratios (q), host (Mvh ) and satellites (Mvs ) virial masses,
virial radius of host (rvh ), scale radius of host (rc), scale radius of satellite (as), mass of host (Mh), mass of satellite Ms (both chosen
to match the corresponding NFW profiles at r−2), host-to-satellite density ratio (δρ = ρs(as)/ρh(rc)), apo-to-pericentre ratio (ra/p),
apocentre (ra), accretion redshift (zi) and time (ti), cusp regrowth (denoted by yes or no) and sinking timescales ts. When the cusp
regrows but that oscillations occur before they settle towards a clear answer for the central slope of the density profile, we mark these
instances by a y* and give both the time when the subhalo reaches the central region of the host and the time when the oscillations
damped out.
matter (Vogelsberger et al. 2012). 1 Finally, it is worth not-
ing that the MW’s tidal field may strip a large fraction of the
substructure population in dwarf galaxy haloes, especially if
the accretion of these galaxies onto the MW occurs early
on (e.g. z ∼ 2). Although this may alleviate the Damocles
problem described above, we found it to be irrelevant for the
haloes considered in this work.
4 DISCUSSION AND CONCLUSION
We have presented a series of collisionless N-body experi-
ments that follow the accretion of massive DM substructure
onto MW-type dwarf galaxies after the end of re-ionization
(z < 4). It has been suggested that supernova feedback
can under plausible circumstances remove the DM cusps
in low-mass haloes, a process that is expected to be most
efficient at high redshifts. Here we show that within CDM
there may be a cusp regrowth problem. Given the mass-
concentration relation of CDM haloes we have identified
cases where cusp regrowth may be expected to happen even
at z ≈ 0. Our experiments suggest the existence of a mani-
fold in the space of the mass-ratio, eccentricity and satellite-
to-halo density ratio δρs/h that allows for cusp regrowth in
dwarf galaxies. Delineating this space requires a large suit
of cosmological N-body simulations, which is beyond the
scope of the current contribution. We note, however, that
substructures with a mass ratio above 1:30 and relatively
high densities, δρs/h > 0.35, always lead to cusp regrowth.
Although our models adopt a cuspy profile, this is an ad
1 Due to thermal motions, WDM models should predict cores
but simulations show that their sizes are smaller to those inferred
by observations (Lovell et al. 2014).
Figure 2. Density profiles for some of our realisations: total den-
sity profile (black), satellites’ particles (red) and total initial den-
sity profiles (blue). Simulations runs are denoted as in text and
Table 1. We mark the time of accretion ti, the current time tm
for which we present the density profiles and the actual corre-
sponding time after accretion tf = ti + tf . The vertical dashed
line marks the scale 2.8ǫ above which the force is Newtonian.
hoc assumption which remains poorly known from a the-
oretical and observational point of view. It is also unclear
whether these substructures bring in significant amount of
stars (Amorisco et al. 2014) at infall or remain unaffected
by baryons. Baryonic feedback corresponds to another im-
portant source of uncertainty in the definition the manifold.
Star formation in real dwarves shows a surprisingly rich di-
c© 2011 RAS, MNRAS 000, 1–6
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versity (see Weisz et al. (2014) for a detailed compilation,
or Kauffmann (2014) for statistics at the higher-mass end
of dwarves), with some dwarves experiencing most of their
star formation at z & 2 − 1 (e.g. Sculptor, Cetus or Carina
(Weisz et al. 2014; Monelli et al. 2010; Hurley-Keller et al.
1998)), while in others (e.g. Leo A (Cole et al. 2007)) form
the bulk of star formation below z . 0.5. Whether star
formation can provide enough feedback energy at low red-
shifts (z . 0.5) in order to turn DM cusps (such as those
found in our experiments) back into cores again without
violating the constraints derived from stellar ages is still un-
clear. Ultimately, the effects studied in this letter need to
be assessed in a full cosmological context, although analyt-
ical consideration may still prove useful (Pen˜arrubia et al.
2012) given that baryonic feedback processes remain in the
‘sub-grid physics’ domain.
According to the reported mass-concentration relation
of CDM haloes, the Damocles problem identified in this work
mostly arises at the high-density end of the scatter (that
is, for subhalos with higher ρ(rs) than average). The merg-
ing timescales of dense, low-mass subhalos are long enough
5 − 11 Gyrs so that depending on the accretion time they
can lead to final cusp regrowth by z = 0. In contrast, we find
that the infall of massive substructures (mass ratios above
1:6) and densities on the mean of the relation always leads
to cusp regrowth, which may be an issue in the case of the
Sculptor dSph given its measured SFH (Weisz et al. 2014).
Between 1:6 to 1:8 these need to be above the 1−σ above the
mean, constituting the 10 percentile of the subhalo popula-
tion. Below 1:8 the chances for regrowth occurs for subhalos
above 2 − σ thus a percent of the population. Our experi-
ments suggest that the central DM slopes of dwarf galaxies
acted on by baryonic feedback should show a non-negligible
scatter. If such variations are not present in nature and ho-
mogeneous density distributions continue to be preferred by
observations, this may give strong support to alternative
DM particle models such as self-interacting DM, which pre-
dict cored density profiles at the low-mass end of the galaxy
luminosity function (e.g. Vogelsberger et al. (2012)). On the
other hand, a scattered range of halo profiles in dwarf galax-
ies may provide indirect support for the existence of DM sub-
structures as well as baryonic feedback playing an important
role in reshaping the distribution of DM in those galaxies.
Measuring the mass profiles of a statistically significant sam-
ple of dwarf galaxies appears therefore as a promising avenue
to constrain the nature of DM.
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